Despite the potential association of polycystic ovary (PCO) syndrome with hemodynamic changes, follicular microenvironment and the involvement of blood follicle barriers (BFB), a histopathological examination has been hampered by artifacts caused by conventional preparation methods. In this study, mouse ovaries of a mifepristone-induced PCO model were morphologically and immunohistochemically examined by in vivo cryotechnique (IVCT), which prevents those technical artifacts. Ovarian specimens of PCO model mice were prepared by IVCT or the conventional perfusion fixation after s.c. injection of mifepristone. Their histology and immunolocalization of plasma proteins, including albumin (molecular mass, 69 kDa), immunoglobulin G (IgG, 150 kDa), inter-a-trypsin inhibitor (ITI, 220 kDa), fibrinogen (340 kDa), and IgM (900 kDa), were examined. In the PCO model, enlarged blood vessels with abundant blood flow were observed in addition to cystic follicles with degenerative membrana granulosa. The immunolocalization of albumin and IgM in the PCO model were similar to those in normal mice. Albumin immunolocalized in the blood vessels, interstitium or follicles, and IgM was mostly restricted within the blood vessels. In contrast, immunolocalization of IgG, ITI, and fibrinogen changed in the PCO model. Both IgG and ITI were clearly blocked by follicular basement membranes, and hardly observed in the membrana granulosa, though fibrinogen was mostly observed within blood vessels. These findings suggest that increased blood flow and enhanced selectivity of molecular permeation through the BFB are prominent features in the PCO ovaries, and changes in hemodynamic conditions and permselectivity of BFB are involved in the pathogenesis and pathophysiology of PCO syndrome. Reproduction (2008) 136 599-610 
Introduction
Polycystic ovary (PCO) syndrome is an important cause of anovulation and a common disorder in reproductiveage women (Franks 1995 , Knochenhauer et al. 1998 . There is a prominent diversity of clinical symptoms and histological features in the PCO syndrome. It is well established that menstrual irregularity, hyperandrogenism, hirsutism, chronic anovulation, infertility, and obesity are associated with PCO. In addition, most patients are found to have histopathological findings such as multiple cystic follicles with large volume, thecal cell hyperplasia, and degenerative changes in the granulosa of follicles (Franks 1995 , Legro 2001 , Ehrmann 2005 . In PCO syndrome, there is also evidence indicating the arrest of follicular maturation, and the function of ovarian follicles is suspended at an early follicular phase of development (Franks 1989) . Although the precise mechanisms, inducing the arrest of follicular maturation in PCO syndrome, have not been elucidated, changes in follicular morphology in the PCO syndrome could be partly attributable to differences in the follicular microenvironment. Some changes of the components in follicular fluids have been reported in PCO syndrome patients, including insulin-like growth factor binding proteins, inhibins A and B and death factor Fas ligand (San Roman & Magoffin 1992 , Onalan et al. 2005 , Welt et al. 2005 . The follicular fluid, which contributes to the follicular microenvironment by containing some necessary endocrine and non-endocrine growth factors within the avascular compartment of follicles, is usually produced not only by secretion from granulosa cells but also by plasma protein diffusion from thecal capillaries during follicular development (Donahue & Stern 1968 , Gosden et al. 1988 , Gull et al. 1999 , Angelucci et al. 2006 . Several earlier studies already described definite differences in both protein composition and concentrations between the follicular fluid and the blood plasma, which led to a proposal of the blood follicle barrier (BFB; Zachariae 1958 , Shalgi et al. 1973 . The BFB had been described as a 'molecular sieve' with charge and size selectivity occurring in the capillary endothelium, the theca interna, the basement membrane, and the membrana granulosa. In previous studies, the BFB under physiological conditions was found to allow low and intermediate molecular mass proteins such as albumin (69 kDa) and immunoglobulin G1 (IgG1; 150 kDa) to enter the follicular fluid, but block the entrance of higher molecular components or larger particles, such as IgM (900 kDa; Shalgi et al. 1973 , Cran et al. 1976 , Zhou et al. 2007b . In addition, the follicular basement membrane and the vascular endothelium play significant roles in the permselectivity, the selectivity of molecular permeation, for some soluble plasma proteins (Powers et al. 1995 , Zhou et al. 2007b . These previous studies indicate that ovarian histology and the follicular microenvironment could be significantly changed in PCO syndrome and that the BFB could be involved in the functional changes through modulation of the components in follicular fluid. However, the knowledge about such changes in ovarian histology and BFB in the PCO syndrome are still limited, because conventional chemical fixation and dehydration often produces various morphological artifacts and molecular translocation caused by anoxia of tissue resection, artificial perfusion pressures with fixatives and dehydration shrinkage with organic solvents (Kellenberger 1991 , Hippe-Sanwald 1993 , Shiurba 2001 , Zhou et al. 2007a , 2007b .
The present study morphologically and immunohistochemically examined the ovaries of living PCO model mice using in vivo cryotechnique (IVCT) to reveal the functional morphology of ovaries in PCO and the potential association with BFB. One of the PCO models, which is induced by mifepristone and considered in rats to be a PCO syndrome model 'fundamentally adequate' to investigate the effect of PCO syndrome-like endocrinological perturbations on ovarian physiology and histology during the short term of 1-2 weeks, was used (Ruiz et al. 1996 , Lakhani et al. 2006 . The IVCT is a kind of cryofixation method, in which the target organs of living animals are directly frozen in vivo without tissue resection or perfusion fixation, and enables the capture of transient changes in tissue and cell morphology without the artifacts inevitable by the conventional tissue preparation methods. In addition, the IVCTretains soluble extra-and intracellular molecules very efficiently within tissues and cells, and histologically or immunohistochemically reveals clear localization or dynamic changes in the functional molecules in vivo on the prepared sections (Zea-Aragon et al. 2004 , Liao et al. 2006 .
Results

Histological examination of mouse ovaries after injection of mifepristone
The estrous cycles of all mice were checked daily by vaginal smear examination from the first day of mifepristone injection. Following 2-4 days of injection of mifepristone, the normal estrous cycles were disturbed to be 'persistent vaginal cornification' or consecutive estrous stage until the time of tissue fixation (Ruiz et al. 1996) . The persistent vaginal smear was consistent with the findings of previous report using the oral administration of mifepristone (Gao & Short 1994) . After the ovarian tissue specimens were prepared with perfusion fixation and alcohol dehydration (PF-DH) and also IVCT, the paraffin sections from control or mifepristone-induced PCO model mice were first examined following hematoxylin-eosin (HE) staining (Fig. 1) . Typical follicular cysts could be found in the specimens from mifepristone-induced PCO model mice (Fig. 1b) , although various kinds of developing follicles were observed in the specimens of control mice prepared by PF-DH (Fig. 1a) . At higher magnification, a decreased thickness of the degenerative membrana granulosa was found in the PCO model mice (Fig. 1d) , although large antral follicles with multilayered granulosa cells could be observed in the control mice (Fig. 1c) . In addition to the histological findings obtained with PF-DH, more widely open blood vessels with flowing erythrocytes were clearly observed in both the cortex and medulla areas of the mifepristone-induced PCO model mice, prepared by IVCT (Fig. 1f ), in comparison with the control mice (Fig. 1e) . At higher magnification, both the numbers and volume of blood vessels in the theca interna and medulla of ovaries appeared to be increased in the PCO model ( Fig. 1g and h ). The histological changes following mifepristone administration were quantitatively examined using IVCT. In the PCO model mice, the number of antral follicles on ovarian sections significantly increased (Fig. 1i) , and also the granulosa cell layer compared with the thecal layer was thinner (Fig. 1j) .
To confirm the histological findings of blood vessels, the volume of blood vessels in the ovaries of control and PCO model mice was statistically compared on the HE-stained sections using the modified Chalkley method, because there was prominent diversity of vascularity in the ovaries of the PCO model, in comparison with the controls (Fig. 2) . The modified Chalkley method, which estimates relative volume of certain structures, was used to compare the volume of blood or lymphatic vessels in neoplastic tissues (Chalkley 1943 , Curtis 1960 , Williams et al. 2003 , Hansen et al. 2004 . The Chalkley count representing vascular volume was significantly higher in the medulla areas of the PCO model mice than those in the control mice ( Fig. 2g , P!0.05). The vascular diameters in the theca interna were also compared by measuring the length of the shortest axis of each blood vessel profiles ( Fig. 2e and f) , and the vascular diameters were significantly larger in the PCO model mice than in the control mice ( Fig. 2h , P!0.05). These results suggest that in addition to the formation of follicular cysts, increases in vascularity and blood circulation are characteristic features of PCO syndrome, and such dynamic changes could be precisely captured with the IVCT.
Immunohistochemical examination of BFB in PCO model mice Next, serial paraffin sections of either the control (Fig. 3a-d , i-k, o-q, u-w) or PCO model mice ( Fig. 3e-h , l-n, r-t, x-z), which were all prepared with IVCT, were stained with HE or immunostained for three plasma proteins, albumin (molecular mass 69 kDa), IgG1 (150 kDa) and IgM (900 kDa). In the antral follicles of both the control and PCO mice, all three proteins were clearly immunolocalized in open blood vessels (Fig. 3) . The immunoreactivity of albumin was clearly detected in the antral follicles of the PCO model mice (Fig. 3f, m and n) , and similar to that of the control mice (Fig. 3b, j and k) , which are consistent with the findings reported previously (Zhou et al. 2007b) . Some weak immunoreactivity of IgG1 was seen in the membrana granulosa and antrum of the follicles compared with the thecal layers and blood vessels in the control mice ( Fig. 3c , p and q), as also reported previously (Zhou et al. 2007b) . In contrast, little immunoreactivity of IgG1 could be seen in the membrana granulosa of PCO model ovaries ( Fig. 3g and s), although there was some weak immunoreactivity in the antrum ( Fig. 3g and t). Furthermore, immunostaining for IgM in the PCO model mice was similar to that in control mice; the immunoreactivity of IgM was decreased in the interstitium and thecal layers in their ovaries (Fig. 3d , h, u and x), although it was strongly observed inside the blood vessels of the thecal layers in the PCO model mice (Fig. 3h ). The immunostaining for IgM was hardly seen inside the follicles in both the PCO model and control mice ( Fig. 3d , h, v, w, y and z). In immunocontrol sections, no immunostaining was observed (Fig. 4) . To confirm these findings, semi-quantitative analyses of IgG immunoreactivity in different areas of the ovaries was performed in the PCO model and normal mice (Table 1) . Although a strong immunoreactivity of IgG1 could be observed in the blood vessels of both the PCO model and normal mice, the immunoreactivity was significantly diminished in the granulosa cell layer of the PCO model mice. However, it was not significantly different in antrum. These findings suggested that the albumin in the PCO model mice can easily enter into the ovarian follicles, but IgM was blocked around the blood vessels, as previously reported in normal mice (Zhou et al. 2007b ). On the other hand, a lower amount of components with intermediate molecular weights, such as IgG, was observed to be able to enter the ovarian follicles of the PCO model mice, in comparison with those of the normal mice.
To further examine the distribution of IgG and other molecules with intermediate molecular weights, which already exhibited the similar immunolocalization to IgG in normal mice under normal physiological conditions (Zhou et al. 2007b) , cryosections of the PCO model mice prepared with IVCT were used for double immunofluorescence labeling of collagen type IV, a marker for follicular and vascular basement membranes, and some plasma proteins including IgGfc (150 kDa), inter-atrypsin inhibitor (ITI, 220 kDa), or fibrinogen (340 kDa; Fig. 5 ). The immunoreactivity of IgGfc inside the antral follicles of the PCO model mice was similar to that observed by the immunoperoxidase staining ( Fig. 5a-d ), as shown in Fig. 3g . Little immunoreactivity of IgGfc was seen in the membrana granulosa in the antral follicles, in comparison with the thecal layers and blood vessels, but some immunoreactivity was detected around the antrum in the PCO model mice ( Fig. 5a and d) . The prominent decrease in IgGfc immunoreactivity was clearly bordered at the follicular basement membranes immunopositive for collagen type IV ( Fig. 5b and d) . Almost no immunoreactivity of ITI was seen in the membrana granulosa in the antral follicles, in comparison with both the thecal layers and blood vessels, although there was slight immunoreactivity in the antrum of the PCO model mice ( Fig. 5e and h ). The immunolocalization of ITI in the theca interna appeared to be bordered by collagen type IV-immunopositive follicular basement membranes in the PCO model mice, as seen with IgGfc ( Fig. 5f and h ). The immunoreactivity of fibrinogen was hardly detected inside the antral follicles in the PCO model mice and very weakly in the thecal interstitium, but it was clearly seen in the blood vessels of the thecal layers ( Fig. 5i and l) . When compared with the immunostaining for collagen type IV, the immunolocalization of fibrinogen was mostly restricted in the blood vessels surrounded by the collagen type IV-immunopositive basement membranes, and also partly separated by the follicular basement membranes (Fig. 5j and l) .
Since the immunoreactivity of IgGfc and ITI in the thecal interstitium was bordered by the follicular basement membranes, which are shown in Fig. 5 , some collagen type IV a-chains were immunohistochemically examined to reveal any changes in the major components of the basement membranes (Rodgers et al. 1998 , Nakano et al. 2007 ). However, no apparent differences in the collagen a-chains were observed in the antral follicles between the PCO model and control mice (Fig. 6) . The a2-chain was immunolocalized in most basement membranes around the ovarian follicles and blood vessels in both the PCO model and control mice. Immunoreactivity of the a4-chain was detected only at the follicular basement membranes of primordial follicles. The a5-chain was clearly immunolocalized at the basement membranes of primordial follicles and another germinal epithelium, and weakly at the basement membrane and thecal interstitium of antral follicles.
Discussion
In the present study, the s.c. injection of the antiprogestin mifepristone was used to produce a PCO model in mice. Some previous studies have reported the estrous cycle and ovulation to be stopped by the administration of RU-486 in mice as observed in the present study (Loutradis et al. 1991 , Gao & Short 1994 , and the anovulation and PCO have been included in the diagnostic criteria of PCO syndrome (The Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group 2004). During Figure 3 Light micrographs of antral follicles in the control (N; a-d, i-k, o-q, u-w) or mifepristoneinduced polycystic ovary model (PCO; e-h, l-n, r-t, x-z) mice on serial paraffin sections, prepared by in vivo cryotechnique, and stained with hematoxylin-eosin (HE, a, e) or immunostained for albumin (b, f, i-n), immunoglobulin G (IgG1, c, g, o-t) or IgM (d, h, u-z) . The areas marked with white rectangles and alphabets in b-d and f-h are shown in (i-z) at higher magnification. The strong immunoreactivity of the three plasma proteins is detected inside the blood vessels (BV; a-h, i, l, o, r, u, x, black arrowheads) of both control and PCO mice. The immunoreactivity of albumin can be more clearly detected in membrana granulosa (Gra) and antrum (Ant; b, f, j, k, m, n, white arrowheads). Some immunoreactivity of IgG1 is seen in the membrana granulosa of the follicles in control mice (c, p, q, arrows), although it is weaker than that in thecal layers and blood vessels. In contrast, little immunoreactivity of IgG1 (g, s, arrows) can be seen in the granulosa cell layer of PCO ovaries, but its immunoreactivity is slightly observed in antrum (g, t, white arrowheads). The immunoreactivity for IgM is decreased in the interstitium (d, h, white arrowheads), in comparison with that in the blood vessels (d, h, u, x, black arrowheads), and hardly seen in the follicles of both control and PCO mice (d, h, v, w, y, arrows the past few decades, some researchers have used such animal models as rats, mice, hamsters, guinea pigs, and subhuman primates to study the pathophysiology of chronic anovulation in PCO syndrome (Singh 2005) . As a result, since the 1960s, various PCO syndrome models, including estradiol valerate, DHEA, or an androgenized animal model, have been developed, although a fully convincing model of human PCO syndrome has not been established (Mahesh et al. 1987 , Mahajan 1988 , Szukiewicz & Uilenbroek 1998 , Singh 2005 . However, the administration of mifepristone to rats was recently used as a good model of human PCO syndrome (Singh 2005 , Lakhani et al. 2006 . The mifepristone-induced PCO syndrome model in rats is appropriate in some aspects to simulate the PCO syndrome condition of ovaries in humans, because not only ovarian histology but also the hormone levels were quite similar to those of humans (Sanchez-Criado et al. 1992 , 1993 , Ruiz et al. 1996 . Although these studies showed that the mifepristone-induced PCO syndrome model was reversible during the experimental course (Singh 2005) , the PCO syndrome model is useful for histopathological studies on the mechanism of chronic anovulation and vascular functions in greater detail, considering the recent technical development of transgenic animals. An assessment of hormonal changes such as hyperandrogenism would be essential to further clarify the similarity between the mouse PCO model used in the present study and the human PCO syndrome. In the present study, the relative volume and diameter of blood vessels in both the medulla and theca interna were significantly increased in the ovaries of the PCO model mice. Morphological changes in the blood vessels under different hemodynamic conditions are already reported to be captured in the living animal organs by the IVCT . Therefore, the present findings represent the higher ovarian blood flow in the PCO model mice. Indeed, they are consistent with the physiological data published previously, as measured by color and pulsed Doppler ultrasonography (Zaidi et al. 1995 , Pan et al. 2002 . In the previous studies, several growth factors were implicated in the angiogenesis and maintenance of blood flow within the living animal ovary, including basic fibroblast growth factor, transforming growth factor-b, luteinizing hormone, platelet-derived growth factor, and vascular endothelial growth factor A (VEGFA; Gospodarowicz 1974 , Findlay 1986 , Klagsbrun 1991 , Chegini & Flanders 1992 , Folkman & Shing 1992 , Van Blerkom et al. 1997 . Some physiological evidence has demonstrated a positive correlation between VEGFA and ovarian stromal blood flow velocities in PCO syndrome women (Agrawal et al. 1998a (Agrawal et al. , 1998b . The increase in blood flow in both the ovarian cortex and medulla of the PCO model mice might be associated with stromal hyperplasia and excessive follicular development due to anovulation, considering the total volume expansion and cellular proliferation of the ovaries (Hughesdon 1982) . Further molecular and functional studies are essential to reveal the precise significance of blood flow increase in the PCO, and detect other undetermined factors affecting the vascularity of PCO ovaries.
As shown in Figs 3 and 5, the immunoreactivity of plasma proteins was clearly detected in the living mouse ovaries of the PCO model, as prepared by IVCT, which Zhou et al. 2007a) . A number of biochemical and morphological studies have already reported the existence of BFB in the living animal ovaries. However, the present study is the first report that the in vivo permeability of BFB against endogenous plasma proteins with different molecular sizes are immunohistochemically demonstrated in the PCO model, which also clarified the histological structures responsible for the actual barrier functions of BFB. As shown in Fig. 7 , the immunodistribution of some plasma proteins with small and large molecular weights, such as albumin and IgM, in the PCO model mice are quite similar to those in the normal mice (Zhou et al. 2007b) , but the immunoreactivity of proteins with intermediate molecular weights, such as IgG, ITI, and fibrinogen, appears to decrease inside the follicles of the PCO model mice. These findings suggest that BFB of the living mouse ovaries would have less selective functions against permeation of plasma proteins with small molecular weights, but enhanced such functions especially against those with intermediate molecular weights in PCO. In our preliminary results, the similar change in IgG immunoreactivity was observed in the rat PCO syndrome model induced by mifepristone (data not shown). The reduced passage of middle-sized plasma proteins into the antral follicles might partly result from the potential changes in Fig. 3g ; little immunoreactivity of IgGfc (a, d, black arrowheads) is seen in the granulosa cell layer of the follicles, in comparison with the thecal layers and blood vessels (a, d, white arrowheads), although some immunoreactivity is detected in the antrum (a, d, arrows) of the PCO mice. The decrease in IgGfc immunoreactivity is clearly bordered by the follicular basement membranes immunopositive for Col IV (b, d, double white arrowheads). (e-h) Almost no immunoreactivity of ITI (e, h, black arrowheads) is seen in the granular cell layer in the follicles, in comparison with both the thecal layers and blood vessels (e, h, white arrowheads), but little immunoreactivity is seen in the antrum (e, h, arrows) of PCO mice. The immunolocalization of ITI is also restricted at Col IV-immunopositive basement membranes of the PCO (f, h, double white arrowheads). (i-l) The immunoreactivity of fibrinogen is more clearly seen in the blood vessels of the thecal layers (i, l, arrowheads), while it is not detected inside the antral follicles (i, l, arrows). It is mostly surrounded by vascular basement membranes immunopositive for Col IV (j, l, white arrowheads), and also partly separated at the follicular basement membranes (j, l, double white arrowheads). Bars, 20 mm. the extracellular matrix components around the developing follicles, because appropriately remodeled extracellular matrices are required for normal physiological ovulation, which is usually disturbed in the PCO syndrome ovaries (Goldman & Shalev 2004 , Oksjoki et al. 2004 , Curry & Smith 2006 . Although it was also reported that only a fraction of ITI was bound to hyaluronic acid (Odum et al. 2001) , the reduction in follicular ITI, which binds to intrafollicular hyaluronic acid produced by granulosa cells and thus stabilizes the cumulus extracellular matrix, may also be partly responsible for the disturbance of appropriate follicular expansion and ovulation (Chen et al. 1994 , Hess et al. 1999 . On the other hand, the immunoreactivity of fibrinogen (340 kDa) appeared to be bordered at the vascular endothelial cells surrounded by collagen type IV-immunopositive basement membranes (Figs 5 and 7b) , although it passed through the basement membranes into the interstitium in normal mouse ovaries under physiological conditions ( Fig. 7a; Zhou et al. 2007b) . The endothelial cells were assumed to be one of the important sites for the BFB with the stricter permselectivity in the PCO syndrome than that in normal animal ovaries (Powers et al. 1995 , Zhou et al. 2007b . Morphological changes during follicular development always depend on dynamic cellular rearrangements in the living animal ovaries, partly regulated by cell-cell adhesion molecules (Bazzoni & Dejana 2004 , Walz et al. 2005 ). One of the major intercellular junctions is the tight junction, which is the most apical junction of epithelial and endothelial cells completely sealing their intercellular spaces, and occludin and claudins are the major molecules of the tight junctions (Dejana 2004 , Schneeberger & Lynch 2004 . In a previous report, the systemic VEGFA inhibition resulted in the down-regulation of claudin 5 in the endothelium of the thecal vasculature of ovaries (Rodewald et al. 2007) . If the ovarian blood flow and VEGFA expression in blood circulation significantly increase in the PCO syndrome (Agrawal et al. 1998a (Agrawal et al. , 1998b , the enhanced permselectivity of endothelial cells would thus be mediated by the up-regulation of claudin.
Besides the endothelial cells functioning in BFB, the present findings also suggest that basement membranes of developing follicles to play some important roles in the functional changes in BFB permselectivity, as shown in Fig. 7 . Although the structural components of basement membranes can severely affect their permselectivity (Hudson et al. 1993 , Noakes et al. 1995 , the Figure 6 Immunofluorescence micrographs of collagen type IV a2-, a4-and a5-chains in the control (N) or polycystic ovary model (PCO) mouse ovaries. The immunoreactivity of all a2-, a4-and a5-chains in normal and PCO mice appears to be similar. The a2 clearly localizes in vascular (a-d, arrows) and follicular (a-d, arrowheads) basement membranes, and a4 is detected in the follicular basement membranes of primordial follicles (e-h, arrowheads), but not in those of antral follicles (e-h, arrows). The a5 is strongly detected in the follicular basement membranes of primordial follicles (i-l, arrowheads) and weakly detected in those of the antral follicles (i-l, arrows). Bars, 50 mm.
immunoreactivity of collagen type IV a2-, a4-and a5-chains in the follicular basement membranes was not significantly different between the PCO model and control mice. In addition, few ultrastructural changes in follicular basement membranes have been reported in the PCO syndrome (Irving-Rodgers & Rodgers 2005) . However, further molecular analyses on other components of basement membranes, such as laminins, perlecan, and nidogens, would be essential to reveal their possible involvement in the permselectivity of the BFB (Irving-Rodgers & Rodgers 2006) . Ultrastructural analyses of the follicular basement membranes, which are prepared with IVCT or quick freezing followed by deep-etch replication, would also have a significant meaning at a molecular level, because the conventional preparation methods are reported to cause some shrinkage artifacts of basement membranes at an ultrastructural level (Chan & Inoue 1994) . In addition, the reversibility of the changes observed in the present mouse study should also be further examined in another experiment, given that the changes in a mifepristone-induced PCO syndrome model have been reported to be reversible in rats (Singh 2005 ).
In conclusion, enlarged blood vessels with abundant blood flow had been observed in the ovaries of the PCO model mice prepared with IVCT, in addition to the formation of follicular cysts with the degenerative membrana granulosa. Furthermore, although the immunolocalization of plasma proteins with low and high molecular weights, such as albumin and IgM, in the PCO model mice were similar to those in normal mice, other plasma proteins with intermediate molecular weights, such as IgG1, ITI, and fibrinogen, appeared to be bordered more strictly at the BFB in the PCO model mice. These findings suggest that the increased ovarian blood flow and enhanced selectivity of molecular permeation through the BFB are functional features in the PCO model ovaries, and such changes in hemodynamic conditions and permselectivity of BFB therefore play a significant role in the pathogenesis and pathophysiology of PCO syndrome.
Materials and Methods
Animals and experimental design
Female C57BL/6 mice aged 8 weeks were bred and housed locally at 22 8C under a 14h light:10h darkness cycle, with free access to food and water. Mice showing at least two consecutive 4-5 days estrous cycles were used, as assessed daily by vaginal smear examination. All animal experiments were performed in accordance with the guidelines by the Animal Care and Use Committee, University of Yamanashi. The progesterone antagonist mifepristone was purchased from Cayman Chemical (Ann Arbor, MI, USA).
The treatment group comprised 12 mice subcutaneously injected daily with mifepristone in olive oil (4 mg/0.2 ml olive oil/100 g body weight/day), beginning on day 1 of the estrous cycle. Six control mice were injected with olive oil alone (0.2 ml olive oil/100 g body weight/day). After 9 days of the injection, ovarian tissues of these mice, which were anesthetized with inhalation of diethyl ether, were prepared by the following different methods.
Tissue preparation methods
(i) PF-DH: two PCO model mice and two control mice were transcardially perfused with 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), and their ovarian tissues were resected and immersed in the same fixative overnight. (ii) IVCT: the isopentane-propane cryogen was poured over the carefully exposed ovaries of ten PCO model mice and four control mice, as reported previously , and then the completely frozen tissues were removed with a dental electric drill in liquid nitrogen (K196 8C). All the specimens prepared by (i) were dehydrated with a graded series of ethanol, and those by (ii) were routinely freeze-substituted with acetone containing 2% paraformaldehyde and embedded in either paraffin wax or OCT compound, as described previously ).
Immunohistochemistry of plasma proteins
All paraffin-embedded samples were cut at 3 mm thickness and mounted on glass slides treated with 3-aminopropyltriethoxysilane (Nacalai Tesque, Kyoto, Japan). The thin sections were then deparaffinized with xylene and a graded series of ethanol. For histological analyses, some serial sections were routinely stained with HE. For immunohistochemical analyses, others were incubated with 1% hydrogen peroxide in PBS for 1 h and then 5% normal rabbit serum in PBS for 1 h. They were immunostained with various primary antibodies in PBS containing 5% normal rabbit serum at 4 8C overnight. The primary antibodies were goat anti-mouse albumin antibody at a dilution of 1:5000, goat anti-mouse IgG1 antibody at a dilution of 1:500, and goat anti-mouse IgM antibody at a dilution of 1:500. They were all purchased from Bethyl Laboratories (Montgomery, TX, USA). The immunocontrol was prepared by incubating the sections in 5% normal rabbit serum without the primary antibodies. The immunostained sections were then incubated in biotin-conjugated rabbit anti-goat IgG (Vector Laboratories, Burlingame, CA, USA) at a dilution of 1:200 at room temperature for 1 h. The immunoreaction products were visualized with Vectastain ABC reagent (Vector Laboratories) and metal-enhanced diaminobenzidine substrate kit (Pierce, Rockford, IL, USA), and additionally fixed with 0.04% osmium tetroxide solution as described previously . All immunostained sections were counterstained with methyl green, embedded in glycerol, and observed with a light microscope (BX-61; Olympus, Tokyo, Japan).
For double immunofluorescence labeling, cryosections at 6 mm thickness and also deparaffinized sections on the glass slides were blocked with 2% gelatin (Sigma) in PBS for 1 h and immunostained with the primary antibodies at 4 8C overnight as follows: i) rabbit anti-human fibrinogen antibody (Dako Japan, Kyoto, Japan) at a dilution of 1:500, ii) rabbit anti-mouse IgGfc antibody (Bethyl Laboratories) at a dilution of 1:500, iii) rabbit anti-human ITI antibody (Dako) at a dilution of 1:400, iv) goat anti-mouse type IV collagen antibody (Southern Biotechnology Associates, Birmingham, AL, USA) at a dilution of 1:50, and v) rat anti-human type IV collagen a2-, a4-and a5-chain antibodies cross-reacting to each mouse type IV collagen a-chain at a dilution of 1:5 (Sado et al. 1995 , Saito et al. 2000 . They were then incubated with donkey anti-rabbit and anti-rat IgG antibodies coupled to Alexa Fluor 488 at a dilution of 1:400, donkey anti-goat IgG antibody coupled to Alexa Fluor 546 at a dilution of 1:400, and Topro3 at a dilution of 1:500 (Invitrogen), with 2% gelatin in PBS at room temperature for 1 h. The immunostained cryosections were embedded in Vectashield (Vector Laboratories), and observed with a confocal laser scanning microscope (FV1000; Olympus).
Quantitative analyses
The number of antral follicles was counted on each section stained with HE. For these sections, two to three ovarian sections were selected from w60 serial ovarian sections of each animal in either PCO model or normal mouse group. The sections of normal mouse ovaries at the stage of proestrous to estrous were obtained from the previous study (Zhou et al. 2007b) . To calculate the thickness ratio, antral follicles were identified on the ovarian sections, and in each follicle, the smallest thickness of the granulosa cell layer was measured. Thereafter, the thickness of granulosa cell layer was divided by the thickness of the adjacent thecal cell layer. A total of 20 follicles were selected from eight mice in each of PCO model and the normal groups. For comparison of blood vessel volume, the modified Chalkley counting procedure, in which the relative volume of certain profiles are estimated on histological sections with a 25-point Chalkley eyepiece graticule, was used (Chalkley 1943 , Curtis 1960 . Briefly, three areas in the ovarian medulla with the highest number of microvessel profiles were chosen subjectively from each ovary section. The Chalkley 0.196 mm 2 sized grid was superimposed on the areas and rotated until the maximal number of dots on the grid hits highlighted blood vessel profiles with flowing erythrocytes, and then the number of dots was counted on the blood vessel profiles. The Chalkley count for each section was taken as the mean value of the three graticule counts. A total of five Chalkley counts for each sample were obtained, based on five different sections. The length of the shorter axis of each blood vessel profile was also measured on digital images of HE-stained sections by evaluating 50 blood vessels.
For the semi-quantitative analysis of IgG1 immunoreactivity, 20 follicles on sections immunostained for IgG1 were selected from eight mice in each of the PCO model and normal groups. Thereafter, the immunoreactivity in thecal blood vessels, granulosa cell layer and antrum of each follicle was classified into four categories, which were negative (K), weakly positive (C), moderately positive (2C), and strongly positive (3C), with the naked eye under a light microscope.
The number of antral follicles, thickness ratio, data obtained by the modified Chalkley method, and semi-quantitative data of IgG1 immunoreactivity were statistically analyzed by the non-parametric Kruskal-Wallis H-test using SPSS 11.5 software for Windows (SPSS Inc., Chicago, IL, USA). The data of blood vessel diameters were analyzed by Student's t-test using the SPSS 11.5 software for windows. P!0.05 was considered to be significant.
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